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ABSTRACT 
Disturbances generated by reaction wheels on board the 
spacecraft are among the most substantial. Hence they 
play a crucial role when microvibration budget has to be 
assessed. This paper aims at characterising the effects of 
RW on the structure by focusing on the format of the 
disturbance input matrix of these components. In 
particular the case of single and multiple wheel 
accounted for. In the first one the responses are evaluated 
at some specific locations of the reaction wheel where 
their disturbance is amplified, i.e. harmonics. In the 
second case a more realistic scenario is considered with 
several wheels to be characterised and the effects of 
neglecting some terms of the disturbance input matrix are 
discussed. Finally a sensitivity analysis is carried out to 
quantify in which extent changes in the input matrix can 
alter the response. A preliminary methodology is then 
suggested to characterise a large number of wheels. 
 
1. INTRODUCTION 
In the last decades the requirements in terms of pointing 
accuracy of space missions have become increasingly 
challenging, [1], thus asking for more and more accurate 
vibration budgets. One of the main contributions in 
evaluating this budget are microvibrations, whose 
amplitude is in the order of μg and their frequency 
content can span from a few Hz up to 1kHz. Despite 
showing fairly low magnitudes, their effects can be 
important when they couple with vibration modes of the 
structure, [2] and [3]. Furthermore being space mission 
payload very sensitive to external disturbances, even a 
light perturbation can compromise the performance of 
sensitive payloads such as antennas and optical devices. 
Several studies show the effects of microvibrations on 
payload degradation such as the ones on JWST [4], MRO 
[5] and HST [6]. Among the most significant causes of 
microvibrations there are Reaction Wheels (RWs); these 
components are used to guarantee the desired attitude of 
the spacecraft but they can also generate non-negligible 
disturbances due to the vibration of inner parts, such as 
bearings, balls, [7], or flywheel, [8], which are referred to 
as harmonics.  
These vibrations can vary depending on the geometrical 
properties of the components and even very slight 
differences can alter them. RWs are usually characterised 
by measuring their vibrations in time domain on a 
dynamic table, i.e. Kistler table which are then post-
processed. Taking a closer look at these recordings, it is 
possible to notice that they are made of a broadband noise 
overlapping with multiple sinusoid signals, representing 
the harmonics. When an imperfection on a component of 
the RW is present, the recording of the disturbance on the 
wheel shows a periodic signal representing the defect. 
This signal depends on the properties of the defect i.e. 
size, material, speed of the objects and in general contact 
features. In order to obtain useful information about the 
strength of the disturbances, these signals are converted 
into frequency domain. In particular a matrix is 
generated, Ψin, representing the strength of the signal 
along the six different directions (diagonal terms) and the 
correlation between signals along different directions (off 
diagonal terms). For the sake of simplicity this matrix is 
thought to be diagonally dominant, hence the off-
diagonal terms Ψij are neglected. Previous researches 
have shown that this approximation is valid only under 
specific circumstances, [9], and that for general 
applications it is worth checking their effects, [10]. 
The aim of this paper is to investigate such matrix in the 
case of single RW and multiple RWs; in particular the 
structure of this matrix is characterised at the frequencies 
corresponding to the harmonics. The importance of the 
Ψij terms is shown on a real set of RW measurements. 
Different mounting configurations of the RW are also 
provided to show that in some cases neglecting those 
terms can amplify the under/over estimations.  
 
2. METHODOLOGY 
The characterisation of RW disturbance input matrix Ψin 
is carried out on the entire frequency spectrum 
considered. Nevertheless, the frequency locations 
corresponding to the harmonics are, by far, the most 
interesting points. Indeed, RWs show an amplification of 
the produced signals at these points as they represent 
physical phenomena of the inner elements of the wheel. 
The first step consists in the identification of the 
harmonics of the RW. To perform this task there are 
several methodologies available, the one used for this 
research relies on the work done in [11]. A particular 
focus is given on the radial harmonics along directions X 
and Y. When dealing with RW signals at the harmonics 
an important quantity has to be considered, which is 
called spectral coherence (or magnitude squared 
coherence). This is described as reported in Eq. 1. The 
parameter is defined at each frequency step and it links 
the magnitude of the diagonal terms Ψii and Ψjj with the 
corresponding off-diagonal one Ψij. Its value can range 
from 0 (meaning no correlation between signals along 
direction i and direction j) to 1 (signals along i and j are 
linearly dependent).  
 
 𝜉(𝑓) =
|𝜓𝑖𝑗(𝑓)|
2
|𝜓𝑖𝑖(𝑓)|∙|𝜓𝑗𝑗(𝑓)|
        (1) 
 
When this parameter is evaluated it shows a spike 
corresponding to the harmonics, as reported in Figure 1. 
 
 
Figure 1 -Magnitude squared coherence for off-
diagonal term Ψxy 
It can be clearly seen that in a frequency range from 0 Hz 
up to 400 Hz, there are several points above 0.9. 
Considering a threshold of 0.95, all the points above this 
value are potentially harmonics of the RW at a specific 
wheel speed VRW. In the case under analysis, since a 
batch of 60 RWs is available the procedure reported in 
[11] is iterated for each of the n wheels and, once the 
potential harmonics have been found, they are checked 
against the magnitude squared coherence for those 
harmonics. This is done by ensuring that these frequency 
values correspond to a ξxy such that 𝜉𝑥𝑦(𝑓) ≥ 0.95.  This 
additional step is needed to prove that those frequencies 
really correspond to the radial harmonics. Once these 
points have been identified the disturbance input matrix 
Ψ is defined. Two main cases will be analysed in this 
paper: 
 Single RW: One RW is applied on the considered 
structure and its disturbances are transferred to the 
structure. A single Ψ matrix is defined. 
 Multiple RWs: more than one RW is available. The 
structure under test is validated separately against 
each RW. 
 
Hence the structure of the Ψ matrix will be analysed 
under these 2 circumstances. The first one is useful to 
have a clear understanding of the effects of the off-
diagonal terms on the response, whereas the second 
refers to the case where a batch of RWs is available. They 
are all nominally identical but in the reality they show 
some imperfections due to geometrical tolerances and 
manufacturing defects. 
 
2.1 Single RW Case 
In this case one RW at a specific speed of rotation is 
considered. The disturbances in the time domain are post-
processed in the frequency domain. This allows the 
generation of the Ψ input matrix for this case.  The 
diagonal terms are obtained using the Wiener-Khinchin 
theorem which states that the Ψii terms are the square of 
the Fourier transform of the considered signal. This is a 
simplification as there is no need to compute the 
correlation function. As far as the off-diagonal terms are 
concerned, they are evaluated using the built-in Matlab 
command cpsd, based on the Welch method. The Ψin 
matrix is then generated at all the frequency steps 
considered. The structure on which the single RW is 
applied to is a 2D panel whose features are reported in 
Table 1. 
 
Table 1 - 2D Panel Structural Properties 
Property Value 
Dimensions (X x Y x Z) [m]  5 x 2 x 0.08 
Young modulus [GPa] 69.9 
Density [kg/m3] 2810 
Poisson ratio [ ] 0.33 
Boundary conditions Blocked at four nodes 
  
Once the transfer function matrix H has been defined, the 
response along directions X and Y are evaluated using 
Eq. 2. 
𝝍
𝒐𝒖𝒕
= 𝑯 ∙ 𝝍
𝒊𝒏
∙ 𝑯𝑯        (2) 
The apex H indicates the hermitian matrix of the transfer 
function matrix H. The matrix Ψin is built in two different 
cases: as a full matrix, with the off-diagonal terms and as 
a diagonal matrix with off-diagonal components set to 
zero. Figure 3 shows differences in the predicted 
responses along X direction. The circled peaks represent 
the most prominent radial harmonics of the RW. It can be 
seen that in some of them there are significant differences 
between the two curves, hence the off-diagonal terms 
cannot be neglected. This is because for some specific 
harmonics the Ψij terms contribute significantly and they 
need to be included in the disturbance input matrix. The 
same results hold for the response along direction Y, as 
shown in Figure 4. In addition to that, looking at the two 
responses it is possible to notice that some peaks, despite 
showing significant amplitudes, have not been circled as 
harmonics. Those spikes correspond to the vibration 
modes of the structure. Thus, an analysis is required also 
for them. It is clear from Figure 2 that those values are 
linked to the modes of the structure and differences in the 
generated response are shown also at these locations. It 
can be noticed that off-diagonal terms affect the 
predictions in different ways. In some cases the diagonal 
matrix provides overestimations with respect to the full 
input matrix, in others the opposite happens. In both 
scenarios it is clear that those terms affect the  
 Figure 3 - X response of single RW with a full/diagonal 
input matrix 
 
predictions and need to be taken into account.  
Similar results are obtained if the RW is tilted with 
respect to the axes of the structure it is applied to. In this 
case the response Ψout is defined as described in Eq. 3. 
Here a matrix R is defined which contains the rotation of 
the RW input with respect to the structure. The matrix R 
can also be made by a composition of rotations around 
the principal axes of the wheel. Different combinations 
have been considered for this study. Eq. 3 has been 
applied to obtain the responses along directions X and Y.  
The results are reported in   
𝝍
𝒐𝒖𝒕
= 𝑯 ∙ 𝑹 ∙ 𝝍
𝒊𝒏
∙ 𝑹𝑻 ∙ 𝑯𝑯        (3) 
The results are reported in Table 2 which shows that 
differences are significant for some harmonics, whereas 
for others, such as the first, these discrepancies are 
negligible. For the first harmonic this is expected as it 
exhibits a rotational behaviour. This is extensively 
described in [9]. Note that in Table 2 the main imbalance 
frequency is not reported as data is commercially 
confidential.  
2.2 Multiple RW Case 
In this second case a very common scenario is 
considered. RWs are usually built in batches to optimise 
the costs and the production times. Those belonging to a 
specific batch should show nominally the same 
properties and geometrical features. Nevertheless, 
because of intrinsic manufacturing tolerances and 
defects, this situation does not occur very often and, as a  
 
 
consequence, they do not display the same frequency 
behaviour. Here the effects of the off-diagonal terms in 
the case of multiple RWs are evaluated and the structure 
of the input matrix is investigated.  
First, 25 RWs are considered and for each of them the 
same procedure depicted in the previous part of the article 
is applied, i.e. each RW is characterised separately on the 
structure. 25 responses for X and Y directions are 
obtained. These are then maximised at each frequency 
step considered in order to get the worst effects of the 
whole batch on the structure. It can be clearly detected 
that a similar trend with respect to the single RW case is 
obtained. There are some harmonics whose response can 
show fluctuations. In the case of the response along X, 
especially in the frequency range between 600Hz-800Hz, 
f [Hz] Average X 
response 
difference 
Average Y 
response 
difference 
(main imbalance) 2% 3% 
183 30% 19% 
255 21% 25% 
470 44% 52% 
780 24% 32% 
Table 2 - Differences in response between full and 
diagonal input matrix for different rotation angles 
Figure 4 - Y response of single RW with a full/diagonal input 
matrix 
Figure 2 - Responses at the vibration modes of the 
structure 
 significant differences are easily identified as shown in  
in Figure 5. The green area represents the difference in 
the response of the 25 RWs between the full Ψ matrix 
and the diagonal one. 
 
3. SENSITIVITY ANALYSIS 
Since it is evident that the off-diagonal terms affect the 
response, it is important to find a way to account them. 
In particular, as already explained, those terms are 
complex quantities. The magnitudes can be evaluated 
using the magnitude-squared coherence and the 
magnitudes of the diagonal terms from the definition 
given in Eq. 1. In addition to that, the phase needs to be 
computed. This is the most challenging task as this 
parameter affects the response as well. This can be 
noticed in Table 3 where two cases are taken into 
account. The first considers a disturbance input matrix 
with the off-diagonal terms set to real numbers, with 
phase null. The second case assumes a 45 degree phase 
of these terms. 
 
Table 3 - Effects of Ψij phase terms on the response 
 
Hence, considering these terms in the input matrix as real 
quantities is not enough as even the information about the 
phase fulfils a significant rule. From Table 3 
discrepancies up to 45% are reported which are only due 
to a phase difference in the terms for the case under  
analysis. In fact, the phase dictates how the magnitude of 
the Ψij term is split between real and imaginary part. All 
that said, it is clear that even the phase of Ψij plays an 
important role.  
 
This poses an important challenge when a batch of RWs 
has to be characterised. In fact when n wheels are built, it 
can happen that one of them has to be mounted on a 
spacecraft for attitude control purposes. In order to 
estimate the disturbance generated by this RW on the 
structure it is applied on, the RW should be characterised 
by computing the responses along the 6 directions. This 
procedure should be iterated for the entire batch. As it can 
be easily understood, this methodology is time-
consuming, especially when a large number of RWs is 
available. 
A possible solution to this problem could be the 
generation of a disturbance input matrix Ψin-max capable 
of reproducing the worst generated disturbance on that 
specific structure by that batch of RWs. This would lead 
to a stronger simplification in terms of computations. 
Unfortunately this task is not easily achievable for two 
main reasons. First, the response is strongly model 
driven, in fact depending on the structure the RW is 
applied to, the effects in terms of vibrations can be 
different. This is clear looking at Eq. 3: it contains a 
model-related term, which is the transfer function matrix 
H. Secondly, the disturbance input matrix embeds 
complex quantities in the off-diagonal terms. This are 
very challenging entities to deal with. In fact, if the input 
matrix Ψin-max representing the worst generated 
disturbance had to be found, the diagonal terms of this 
matrix would simply be the maximum of the single n 
RWs diagonal terms. As far as the off-diagonal ones are 
concerned it is not possible to obtain such a 
maximisation. Indeed, while for a real number the 
maximum can be readily identified, for a complex 
quantity this is not valid as both, its real and imaginary 
components will contribute. To prove the first reason, a 
second panel is generated, with different geometrical and 
mechanical properties. Two different input matrices Ψ 
are generated, which are reported in Eq. 4 and 5. 
 
 
 
𝜓𝑖𝑛−1 = [
ψ𝑥𝑥 𝜓𝑥𝑦1 …
𝜓𝑥𝑦1
∗ … …
… … 𝜓𝑀𝑧𝑀𝑧
]   (4) 
 
 
 
𝜓𝑖𝑛−2 = [
ψ𝑥𝑥 𝜓𝑥𝑦2 …
𝜓𝑥𝑦2
∗ … …
… … 𝜓𝑀𝑧𝑀𝑧
]   (5) 
 
Where the expressions of the terms Ψxy are reported in 
Eq. (6) and (7). The matrices Ψin-1 and Ψin-2 are built  
 
𝜓𝑥𝑦1 = |𝜓𝑥𝑦| ∙ [sin(80) + 𝑖𝑐𝑜𝑠(80)]   (6) 
 
𝜓𝑥𝑦2 = |𝜓𝑥𝑦|   (7) 
f [Hz]  X response 
difference in 
the two cases 
Y response 
difference in 
the two cases 
(main imbalance) 15% 18% 
183 25% 21% 
255 45% 40% 
470 12% 10% 
780 22% 26% 
Figure 5 - Maximal response for 25 RWs for 
full/diagonal input matrix 
 
  
using those expressions. They are then applied to the two 
structural panels using Eq. (2) and the responses along X 
direction are evaluated, see Table 4. In particular, a 
benchmark case is created, which includes the full Ψ 
input matrix computed from the time domain signals. The 
response is evaluated using matrices Ψin-1 and Ψin-2 for 
the two panels.  The discrepancies are evaluated with 
respect to the benchmark case such that D1(f) and D2(f)  
 
 
 
are obtained. The same procedure is followed for panel 2 
and the discrepancies D3(f) and D4(f) are calculated. From 
Table 4 it can be noticed that the input matrices Ψin-1 and 
Ψin-2 have different effects on the responses of Panel 1 
and Panel 2. In fact, for the main imbalance and the 
frequency points 255 Hz and 470 Hz, the input matrix 
Ψin-1 generate better estimations compared to Ψin-2. 
Conversely, frequencies 470 Hz and 780 Hz show that in 
the case of Panel 1 Ψin-1 respectively worsens and 
improves the predictions, whereas on Panel 2 the same 
input matrix provides the opposite results.  
 
Table 4 - Discrepancies with respect to benchmark cases 
 
 
 
 
 
 
 
 
 
 
 
 
These results show that the same input matrices Ψin-1 and 
Ψin-2 can generate different effects depending on the 
structures they are applied to. Hence in order to find the 
input matrix Ψin,max able to cover the disturbances of the 
batch of wheel a more robust method is needed, which 
would not be related to the considered structure. 
The author is currently working on a methodology able 
to generate such matrix.   
 
4. CONCLUSIONS 
In this paper an analysis on the structure of the 
disturbance input matrix of RWs has been discussed. In 
particular the case of single wheel has been analysed and 
the main quantities inspected. A particular focus has been 
given to the off-diagonal terms Ψij. Their importance has 
been shown in predicting the response along the radial 
directions, especially at the main harmonics of the RW. 
Furthermore, the analysis has been extended to the case 
of multiple RWs, which is a typical scenario to deal with 
when assembling a spacecraft. The main issues related to 
the identification of disturbance input matrix Ψin-max to 
envelope the worst generated vibrations have been 
identified. 
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